T he global human immunodeficiency virus (HIV)/AIDS epidemic continues into its fourth decade, with sub-Saharan Africa being the region most impacted by the epidemic (1) (2) (3) . Although prevention efforts have resulted in a 40% decrease in new infections from 2.6 million in 2001 to 1.6 million in 2012, more than 4,300 individuals are still newly infected each day in sub-Saharan Africa (4) . Women make up approximately 60% of infected individuals, with women aged 15 to 24 years comprising 85% of those currently living with HIV (3) . Recent clinical trials have demonstrated that preexposure prophylaxis (PrEP) using small-molecule antiretroviral (ARV) drugs delivered orally or topically as a vaginal ring or gel may prevent HIV infection in a significant number of individuals (5) (6) (7) (8) (9) . Several additional trials, however, failed to show its efficacy in preventing HIV infection (10, 11) . These disparate trial results, along with the potential for the development of viral resistance to ARV agents if individuals using PrEP become HIV infected, suggest the need for continuing research to develop additional methods that use non-ARV microbicides with improved pharmacologic efficacy and high acceptability across diverse populations.
Human monoclonal antibodies (MAbs) may act as highly specific, potent, and mechanistically diverse microbicides against HIV type 1 (HIV-1). The virus exhibits a heavily glycosylated envelope glycoprotein consisting of a gp120 surface unit and gp41 transmembrane domain, resulting in a large viral diversity and the ability of HIV-1 to evade the host immune response. A recent review (12) of HIV-1 immunology described the characteristics of neutralizing antibodies identified in infected individuals. Although most efforts to identify HIV-1-neutralizing antibodies have focused primarily on vaccine development, a passive immunization approach using human MAbs topically to prevent HIV-1 infection in the vaginal mucosa has shown promise in preclinical and early clinical research. First studied were broadly neutralizing antibodies (bNAbs) that target specific regions of the HIV-1 envelope protein (13) , including IgG1b12 (b12), targeting the CD4 binding site on gp120 (14) (15) (16) ; 2G12, targeting a glycan cluster on gp120 (14, 17, 18) ; and 2F5 and 4E10, targeting the membrane proximal extracellular region (MPER) region of the env gp41 subunit (14, 19, 20) . Intravenously delivered 2G12 (21) and 2F5 and 4E10 (21, 22) , as well as topically applied b12 (23, 24) , protected against simian-human immunodeficiency virus (SHIV) infection in challenge studies using rhesus and cynomolgus macaques. Both vaginal gel formulations of a triple MAb combination of 2F5, 2G12, and 4E10 (Mabgel) (25) and 2G12 manufactured in a Nicotiana-based process (26) have completed phase 1 clinical trials.
While first-generation bNAbs exhibit weak potency and/or a poor breadth of reactivity across different strains (12) , neutralizing only ca. 40% of HIV-1 isolates, a number of more potent second-generation bNAbs have been isolated. bNAbs PG9 and PG13 neutralized 73% and 79% of the HIV-1 strains tested, respectively (27, 28) , and bNAbs VRC01, VRC02, and VRC03 neutralized more than 90% of the HIV-1 strains tested (29) . Acute systemic infection following inoculation with HIV-1 BaL was inhibited in hCD4/ R5/cT1 humanized mice treated with VRC01 (30) . In a phase 1 dose-escalation study in healthy adults, VRC01 infused at 5 to 50 mg kg Ϫ1 of body weight retained HIV-1-neutralizing activity in serum, and no anti-VRC01 responses were detected (31) . Systemically delivered VRC01 is currently in a clinical trial to investigate the efficacy of antibody-mediated HIV prevention (32) .
Protection from initial mucosal infection by MAbs applied topically has been demonstrated in humanized mouse and primate models. A gel formulation of VRC01 afforded significant protection (7/9 mice) against HIV-1 BaL challenge in a RAG humanized mouse infection model, and a combination of b12, 2F5, 4E10, and 2G12 in the same gel completely protected against infection (33) . A gel containing the 2G12, 2F5, and 4E10 MAbs protected 10 of 15 cynomolgus macaques vaginally challenged with a 50% infectious SHIV dose (34) . A study comparing VRC01 and three other HIV-1 Env-specific MAbs to the anti-CD4 MAb 2D5 administered intravenously showed that although all five displayed a potent neutralizing ability in vitro, only the HIV-specific bNAbs, including VRC01, afforded high levels of protection in vivo in macaque vaginal and rectal challenge models (35) . An in vitro study demonstrating that VRC01 can block the transfer of HIV-1 primary isolates from dendritic cells to CD4 ϩ cells suggested that in the mucosa, MAbs may prevent the formation of systemic infection by inhibiting virus dissemination from the initial mucosal infection site to neighboring lymphocytes (36) .
The use of MAbs as microbicides for topical HIV prophylaxis, particularly in resourcepoor areas, such as sub-Saharan Africa, could be limited by high manufacturing costs and difficulty in scaling production to the quantities necessary for large-scale clinical trials and subsequent product rollout. The production of MAbs is typically carried out in mammalian cell cultures, but the use of a plant-based manufacturing system is an alternative platform that may lower the cost and increase the production scale. Both transgenic maize (37, 38) and an ΔXF knockout variant of Nicotiana benthamiana (39) have been used for the production of 2G12, and a 4E10 variant has been produced using transformed Nicotiana tabacum rhizosecretions (40) . A Nicotiana system using a single vector expressed VRC01 at 80 mg MAb/kg plant material, and in an in vitro neutralization assay, the activity of Nicotiana-manufactured VRC01 (VRC01-N) was retained and was comparable to that of VRC01 produced in an HEK cell culture (41) . Another VRC01-N variant made in transgenic Nicotiana plants demonstrated a neutralization capacity identical to that of VRC01 produced from human cells in a multistrain HIV-1 neutralization assay (42) .
Here we report the sustained in vivo delivery of a human MAb for preventing vaginal HIV infection. Intravaginal ring (IVR) formulations of Nicotiana-manufactured VRC01 using a pod-based design (pod-IVR) (43) (44) (45) were fabricated and evaluated in vitro for release characteristics and MAb stability. Preliminary local safety and pharmacokinetics were investigated in a rhesus macaque primate model, in which it was found that steady-state vaginal fluid levels of VRC01-N were sustained over 21 days and the gp120 binding activity of the VRC01-N in the pod-IVR was retained in vivo.
RESULTS
In vitro studies. Plots of cumulative release versus time for the four VRC01-N IVR formulations are shown in Fig. 1 , and in vitro release rates calculated from the initial linear portions of the release curves (PK1-high, days 1 to 3; PK1-low and PK1-med, days 1 to 6; PK2, days 1 to 10, where PK1-high, PK1-med, and PK1-low represent a 28-day dose-ranging pharmacokinetic [PK] study [PK1] with the three first-generation IVR formulations at high, medium [med] , and low dosages, respectively, and PK2 represents a two-phase study [7 days and 28 days] with a second-generation pod-IVR formulation delivering VRC01-N employing more intensive PK sampling and multiple safety measures) are presented in Table S1 in the supplemental material.
Pharmacokinetic measurements. The design and sampling schedule of the PK1 and PK2 sheep studies is given in Fig. 2 . The levels of VRC01-N in vaginal fluid collected by a Tear-Flo strip at locations proximal to the IVR (deep vagina) are shown in Fig. 3 for each dose group in PK1. The VRC01-N levels in vaginal fluids sampled in PK1 at locations proximal (deep vagina) and distal (midvagina) to the pod-IVRs are shown in Fig. 4 . At each time point, the measurements at the two locations were compared using a ratio paired t test (95% confidence interval [CI]), and a statistically significant difference (P Ͻ 0.05) between data sets (i.e., those for the proximal versus distal locations) was observed only for the medium-releasing group on day 1. The levels of VRC01-N in cervicovaginal lavage (CVL) fluid are shown in Fig. 5 for PK1 and were maintained above the lower limit of quantitation (LLOQ) in all but one sample for 21 days. At day 28, all CVL fluid VRC01-N levels were below the limit of quantitation (BLQ). Vaginal fluid levels measured during PK2 are shown in Fig. 6 for both phase A (PK2A; 7-day study) and phase B (PK2B; 28-day study). The VRC01-N levels in CVL fluid for PK2 are shown in Fig. 7 . Table S1 . For the dose-ranging study (PK1), pod-IVRs releasing VRC01-N at three different initial rates (the zero-order portion of the release curve) were used: 3.8 mg day Ϫ1 (low release; red), 12 mg day Ϫ1 (medium release; blue), and 30 mg day Ϫ1 (high release; green). For PK2, a pod-IVR releasing 3.4 mg day Ϫ1 VRC01-N was used (black). Solid lines, the fit of in vitro data to the diffusion-based release model (see reference 45); dashed lines, total drug load for each pod-IVR configuration.
The levels were above the LLOQ in all but two samples (both obtained on day 28), with concentrations of Ͼ1 g ml Ϫ1 being obtained at day 21 for all animals.
The mean VRC01-N blood serum levels from measurements for all animals at all time points, as determined by the enzyme-linked immunosorbent assay (ELISA) response, were 27 Ϯ 13 g ml Ϫ1 for PK1 and 13 Ϯ 3 g ml Ϫ1 for PK2. No statistically significant (Bonferroni's multiple-comparison test, P Ͻ 0.05) difference in the levels compared to the baseline levels was observed at any time point, suggesting that the ELISA response is due to an interfering IgG or other component of serum and not the accumulation of VRC01-N. In vivo release and VRC01 stability. Residual VRC01-N in the pod-IVRs after removal (7 or 28 days) was assayed to determine the in vivo release and stability of the MAb in the presence of vaginal fluids. For PK1, visual inspection of the IVRs after removal indicated that only a trace of pod material remained in the IVRs of all three
FIG 4
Comparison of PK1 VRC01-N levels in vaginal fluid as a function of sampling location proximal (circles) and distal (squares) to the IVR on days 1, 7, 14, and 21 for each study group: low release (a), medium release (b), and high release (c). For each day, values for the proximal and distal locations within study groups were compared using a ratio paired t test (95% CI). The data set means are considered to be significantly different for P values of Ͻ0.05. Intravaginal Rings Deliver Monoclonal Antibody VRC01-N Antimicrobial Agents and Chemotherapy groups. Table 1 shows the total amount of residual protein, as determined by measurement of the absorbance at 280 nm (optical density at 280 nm [OD 280 ]), and the amount of residual VRC01-N exhibiting gp120 binding activity, as determined by ELISA, for each group and for a pod extracted from an unused IVR. Most pod cavities contained a clear or slightly cloudy gelatinous material that was responsible for the large OD 280 signal relative to the ELISA response for the residual pod material. The material remaining in the pods in the IVRs from both phases was extracted and analyzed using ELISA and sodium dodecyl sulfate (SDS)-PAGE to determine if VRC01-N was degraded within the pod-IVR prior to release into vaginal fluids. Table 2 shows the mass of VRC01-N retaining gp120 binding activity by ELISA, and Fig. S3 shows the results of SDS-PAGE analysis of the residual VRC01-N from PK2A on a per pod basis. All pods except for one from macaque 3 showed the expected gel pattern for VRC01-N, as indicated by the VRC01-N standard control lane. The in vivo rate of VRC01-N release was estimated from the vaginal fluid PK data and a diffusion-based model for MAb release from pod-IVRs described previously (45) . Figure S2 shows the release curves generated from the model. Table S1 shows the in vivo release rates, calculated as the slope of the linear (zero-order) portion of this model's in vivo release curve.
Local safety measures. No ring expulsions or adverse events were noted by colposcopy during the course of the study. In PK1, the cytokine levels at day 0, prior to IVR insertion (the baseline), were compared to the cytokine levels in all groups at all time points with the IVR in place. No statistically significant differences (P Ͻ 0.05) in cytokine levels were observed, except for those of interleukin-18 (IL-18), where the levels in the low-releasing IVR group were lower on day 14 (mean, 65 pg/ml) than day 0 (mean, 1,221 pg/ml) (adjusted P ϭ 0.0042). For PK2, no statistically significant differences (P Ͻ 0.05) in cytokine levels were observed between time points in any of the animals with the IVR in place and with the device removed. The IL-1 receptor antagonist (IL-1ra) level was above the upper quantitation limit (17.5 ng/ml) in all samples from animals in PK2, including those obtained at the baseline, suggesting that these levels were intrinsic and not induced by the IVR. Nugent scores in the range of 2 to 10 and a pH of vaginal fluids in the range 5.0 to 6.8 were measured in PK2 (Fig. S4 ).
DISCUSSION
IVR delivery of MAbs. The high water solubility of MAbs precludes their sustained mucosal delivery using traditional matrix and reservoir IVR designs because MAbs are not able to diffuse through the hydrophobic elastomers, e.g., silicone or ethylene-covinyl acetate (EVA), typically used in these devices. A limited number of approaches for mucosal delivery of MAbs have been described previously. Radomsky et al. delivered fluorescently labeled mouse and rabbit human chorionic gonadotropin-binding IgGs from intravaginal devices consisting of particles of IgG mixed with polysaccharides and salts loaded at 30 to 50 wt% into an EVA matrix (46) . At this high loading, the particles form a series of channels in the EVA matrix through which the IgG diffuses. Vaginal fluid concentrations of 0.3 to 10 g ml Ϫ1 IgG were sustained over 30 days, with IgG being distributed through the vaginal lumen without penetration into epithelial tissues or migration into the uterine horns (46). Morrow et al. developed an insert IVR that released the HIV monoclonal antibody 2F5 from lyophilized inserts formed from the antibody mixed with hydroxypropyl methylcellulose (47) . The in vitro release of 2F5 from these devices was sustained for up to 170 h, with 75 to 85% of the 2F5 activity being maintained following lyophilization and formulation, as measured by ELISA (47) . The pod-IVR described here utilizes the diffusion of MAb from a solid core across a rate-controlling polymer membrane and through a macroscale physical channel in the elastomer ring. The release rate from pod-IVRs is determined by the additive effect of the MAb solubility and three independently variable parameters: the composition and thickness of the pod's polymer membrane coating, the size and number of delivery channels through the ring exposing each individual pod to the vaginal fluid, and the number of pods in the ring. The pod-IVR design has been used for the delivery of relatively hydrophilic small-molecule antiretroviral drugs singly and in combination (43, 44, 48) and of ovine IgG as a model for human MAb (45) . Formulation and in vitro release of VRC01-N. The in vitro release of VRC01-N into vaginal fluid simulant (VFS) from four different pod-IVR formulations was evaluated in preparation for the two in vivo PK studies. The release from all four formulations was initially linear (zero order) and spanned a range of nearly 1 order of magnitude of from 3.8 to 30 mg day Ϫ1 . The in vitro release kinetics shifted to first order at longer times when a significant fraction of the total VRC01-N load in each pod was depleted. The in vitro release kinetics were similar to those observed for sheep IgG release from a pod-IVR and were consistent with a previously developed, diffusion-based release model (45) . The number of pods per IVR and the pod's delivery channel diameter determined the rate of VRC01-N release. Because they release VRC01-N simultaneously, addition of pods increases the total release rate but not the length of time that release may be sustained. For a given delivery channel configuration (i.e., release rate), increasing the mass of VRC01-N in a pod increases the total time that release is maintained at the target rate.
Studies of HIV or simian-human immunodeficiency virus (SHIV) challenge infection in humanized mouse (33) or macaque (34) models have demonstrated that the mucosal delivery of a single MAb does not fully protect from infection and that MAb combinations are required for effective HIV prophylaxis. Because each pod is a separate delivery device, pod-IVRs can deliver multiple MAbs simultaneously with the independent control of release rates. Pod-IVRs for macaques (48, 49) are significantly smaller than those for humans (44, 45) and limit the total drug loading and capacity to deliver multiple MAbs at efficacious rates. The macaque pod-IVRs used here accommodate a maximum of six 25-mg pods, providing a maximum MAb loading of 75 mg from a formulation that contains 50% MAb. Human pod-IVRs accommodate up to 10 pods as large as 4.8 mm in diameter with a load of 200 mg (45) and have the capacity for the sustained delivery of three or more MAbs simultaneously for 30 days at rates of Ͼ2 mg day Ϫ1 from each pod. The smaller size of macaque IVRs limits the duration that release may be sustained at realistic target levels compared to that for human IVRs. On the basis of the results of the PK1 study, pod-IVRs for the PK2 study were formulated to maintain steady-state VRC01-N levels in vaginal fluids for at least 14 days. Sustained VRC01-N levels above 100 g g Ϫ1 were maintained in PK2 for over 14 days, suggesting the suitability of these pod-IVRs for a future efficacy study in a macaque infection model using a weekly vaginal SHIV challenge and biweekly IVR exchange. This approach was used to evaluate the efficacy of pod-IVRs delivering the antiretroviral combination of tenofovir disoproxil fumarate and emtricitabine (70) .
In vivo release. Initial in vitro release measurements prior to PK1 were carried out with a VRC01-N formulation prepared by lyophilizing an aqueous solution of MAb and buffer components, including stabilizing sugars. The in vitro studies suggested that more than 28 days of release in vivo would be obtained in the low-and mediumreleasing groups and approximately 18 days of release would be obtained in the high-releasing group. For PK1, a spray-dried VRC01-N powder optimized for stabilizing the MAb with respect to the loss of binding activity when it was stored as a solid was utilized, and in vitro release studies with the spray-dried formulation were conducted concurrently with the in vivo evaluation. The pod-IVRs fabricated using spray-dried VRC01-N exhibited significantly (ϳ5-fold) faster release in vitro than those fabricated using the lyophilized formulation and, concomitantly, a faster in vivo release that resulted in depletion of the VRC01-N load in all three dose groups prior to 28 days.
Phase A of PK2 (the 7-day study) was designed so that, on the basis of the measured in vitro release rates, only 20 to 30% of the VRC01-N in each IVR would be released at the time of removal. This would allow determination of the in vivo VRC01-N release rate from the difference between the initial VRC01-N mass in the IVR and the residual mass of VRC01-N in the pod material extracted from the IVR following removal. The VRC01-N ELISA method, however, did not provide the precision required to accurately quantify the mass of VRC01-N released, as residual mass values above and below the initial pod masses were measured. Qualitatively, comparison of ELISA measurements from phase A to phase B (the 28-day study) of PK2 showed that a significant amount of active VRC01-N was present after 7 days when IVRs contained visible solid material, whereas little to no VRC01-N was observed after 28 days in vivo when all of the visible pod mass has been depleted. Consequently, in vivo release rates for both PK1 and PK2 were estimated using the PK data and a diffusion-based model for pod-IVR release (45) . The vaginal fluid concentrations for the animals in the three PK1 groups and PK2 phase B were used to determine the time at which release switched from zero order to first order (when steady-state VRC01-N levels in vaginal fluid begin to decrease) and the time at which the entire VRC01-N load had been released (when vaginal fluid VRC01-N levels fall to zero). These time values were input into the diffusion release model, and in vivo release curves were generated (see Fig. S2 in the supplemental material) .
Pharmacokinetics of MAb delivery. Pod-IVRs delivered VRC01-N, with sustained MAb levels in vaginal fluids being maintained for up to 21 days. Following pod-IVR insertion, a rapid increase in the VRC01-N concentration in vaginal fluids was observed, indicating a fast initial diffusion of fluid into the delivery channel to wet the pod and initiate release. Median vaginal fluid levels in study PK1 were Ͼ10 g g Ϫ1 within 6 h following IVR insertion and reached steady state by 24 h for the medium-and high-releasing groups and by 48 to 72 h in the low-releasing group. Initially, the median vaginal fluid concentrations of VRC01-N followed the expected trend by VRC01-N dose group, as follows: low dose release (942 Ϯ 539 g g Ϫ1 ) Ͻ medium dose release (2,870 Ϯ 2,170 g g Ϫ1 ) Ͻ high dose release (5,430 Ϯ 4,370 g g Ϫ1 ) on day 2. After day 3, the steady-state VRC01-N levels began to decrease because the in vivo release rate decreased as the pod mass was depleted, and the VRC01-N vaginal fluid levels in all but one macaque were BLQ by day 28.
A two-phase study design was used for PK2: IVR insertion for 7 days (phase A), followed by a 7-day washout period after IVR removal prior to insertion of identical IVRs for 28 days (phase B). Intensive vaginal fluid sampling immediately following IVR insertion and during the washout period allowed both an initial buildup of the VRC01-N concentration to steady state and a VRC01-N concentration decrease following IVR removal to be observed. Removal of the IVR at day 7 during steady-state release also allowed assessment of VRC01-N degradation or a loss of binding activity within the IVR while it was present in vivo. As shown in Fig. 6b , the median VRC01-N level was Ͼ10 g g Ϫ1 1 h after IVR insertion, and a median steady-state concentration above 100 g g Ϫ1 was reached by day 2. Following IVR removal on day 7, VRC01-N levels fell below the limit of detection (LOD) within the washout period. No significant difference between the phase A and phase B VRC01-N levels was observed on either day 3 or day 7, the only time points common to the two phases of PK2, indicating that the in vivo VRC01-N release rate and PK are similar in both study phases. In phase B, VRC01-N steady-state levels were sustained for 14 days in all animals, and fluid levels of Ͼ100 g g Ϫ1 VRC01-N were maintained for 17 days in 4 of 4 animals and 21 days in 3 of 4 animals. Maintaining steady-state vaginal fluid levels is critical to avoid zones of vulnerability to HIV infection that could result from significant concentration variability or troughs (50) .
The levels of VRC01-N in CVL fluid showed a trend similar to that seen in vaginal fluid, with peak levels on day 7 that decreased through day 21. The CVL fluid measurements may be more representative of the total vaginal fluid VRC01-N levels than the measurements obtained with fluid sampled by the use of site-specific Tear-Flo strips. The CVL rinse collects vaginal fluids from the entire vaginal vault, while Tear-Flo strips sample a small amount of fluid from a single location along the vaginal wall. The median CVL fluid levels showed less variability within groups than fluid levels from Tear-Flo strips. At day 21, median CVL fluid levels remained above 1 g ml Ϫ1 , with the value for only one macaque being BLQ. The dilution of the vaginal fluid in phosphatebuffered saline (PBS) containing CVL fluid was not quantified, and the concentrations of VRC01-N in CVL fluid underestimate the actual vaginal fluid concentrations present in the vagina. Lavage sampling has been shown to dilute vaginal fluids by a factor of 10 to 50 (51) (52) (53) .
Sampling with Tear-Flo strips provides a measure of MAb dissemination and distribution within the vaginal vault. There was minimal spatial variability of vaginal fluid VRC01-N levels across the vaginal mucosal surface in PK1 Tear-Flo samples. In all groups, no statistically significant difference in the VRC01-N concentration was observed at locations proximal and distal to the IVR on days 1, 7, 14, and 21 (Fig. 4) , except for the medium-releasing group on day 1, where VRC01-N concentrations were higher proximal than distal to the IVR. This indicates a uniform MAb distribution with rapid spreading of VRC01-N in vaginal fluids from the upper (proximal to the IVR) to the lower (distal to the IVR) vagina.
VRC01 stability in vivo. The ELISA and SDS-PAGE analyses of residual MAb in the pods for PK2A suggested that the VRC01-N in the IVR does not significantly degrade over 7 days in vivo. The ELISA response for PK2A, where VRC01-N release was still at steady state, showed a high level of binding activity. For PK2B, where vaginal fluid levels and visual IVR inspection indicated the nearly complete release of VRC01-N, the ELISA response was near or below the LOD, suggesting that there is no interfering component from vaginal fluid that artificially enhances the ELISA response for the residual pod material. The SDS-PAGE results also confirmed that VRC01-N does not degrade in the IVR in vivo. As shown in Fig. S3 , only one pod from PK2A (macaque 3) did not exhibit the gel pattern for VRC01-N, and ELISA showed that the pod contained less than 1 mg active VRC01-N. Pod-IVRs stabilize ovine IgG against a loss of binding activity during in vitro release studies and long-term IVR storage (45) . The stability of VRC01-N and other MAbs during storage and use is particularly important for sustaineddelivery devices, such as IVRs, where the MAb is exposed to vaginal fluids and body temperatures continuously for periods of 1 month or more.
Local safety of VRC01 pod-IVRs. Increased susceptibility to HIV infection may result from compromised mucosal barrier integrity as a result of vaginal epithelial trauma or recruitment of immune cells and the resulting associated inflammation (50, 54) . The effect of VRC01-N pod-IVRs in PK2 on the vaginal pH, the microbiome (as indicated by the Nugent score), and the mucosal levels of proinflammatory cytokines was evaluated as a preliminary measure of IVR safety. Variations in vaginal fluid pH (range, 5.0 to 6.8) and Nugent scores (range, 2 to 10) were observed throughout the study (Fig. S4) , with changes occurring as a function of time and sex cycle period for a single animal and between animals. The variations were not correlated with IVR insertion or removal and appeared to be natural cycling unrelated to IVR use. Proinflammatory cytokine levels in the CVL fluid samples as a function of time during PK1 and PK2 did not show statistically significant changes as a result of IVR use except for IL-18 levels in the PK1 low-releasing group, which decreased from those at the baseline upon ring insertion. These results indicate that neither the pod-IVR nor the VRC01-N itself leads to an increased inflammatory response, as has been observed previously for pod-IVRs delivering antiretrovirals (ARVs) in pig-tailed macaques (48, 55) .
Implications for topical HIV PrEP. The use of pod-IVRs delivering VRC01-N, a second-generation bNAb shown to neutralize over 90% of HIV-1 strains in vitro, is an alternative or complementary approach to the use of small-molecule ARVs that currently dominate nonvaccine HIV prevention efforts. Because each pod's release characteristics are independent of those of the other pods in the IVR, combinations of multiple MAbs or of MAbs with small-molecule ARV drugs may be delivered simultaneously to the vaginal mucosa to neutralize HIV at different stages of the viral life cycle, decreasing the potential for the development of viral resistance to prophylactic therapy (56) . The investigation of topically applied MAbs to prevent sexual HIV infection has thus far been limited primarily to preclinical studies, but this approach has shown promise. The efficacy of a VRC01 gel compared to that of a gel with a combination of first-generation bNAbs b12, 2F5, 4E10, and 2G12 at preventing infection by R5-tropic HIV-1 BaL was evaluated in a RAG humanized mouse vaginal challenge model (33) , where the VRC01 gel protected 7 of 9 mice from infection and the bNAb combination protected 5 of 5 mice from infection. The bNAb b12 applied vaginally conferred significant (9 of 12 mice) protection against SHIV 162P4 mucosal challenge in rhesus macaques (24) . A subset of bNAbs, including VRC01, has been shown to block HIV-1 transmission by cell-associated virus (57) . Two vaginal gel formulations have both completed phase 1 clinical trials: the Mabgel triple combination of 2F5, 2G12, and 4E10 (25) and 2G12 manufactured in a Nicotiana-based process (26) . A phase 1 clinical trial to assess the safety of a vaginal film containing VRC01-N is ongoing (58) .
These studies have, however, been limited to the topical application of MAbs in on-demand formulations (gels or films) just prior to viral challenge. Devices such as IVRs that provide continuous MAb delivery for over 1 month or more should provide the sustained mucosal levels required for protection against HIV infection (59) . The sustained vaginal fluid concentrations of VRC01-N required to prevent infection are not currently known. In studies of passive administration of broadly neutralizing antibodies in SHIV challenge macaque models, it is estimated that MAb serum concentrations of 100 or more times the 50% inhibitory concentration (IC 50 ) can achieve significant protection (28). Wu et al. used a panel of 190 Env-pseudotyped virus strains that included all major clades and determined that 72% of the primary isolates were neutralized with an IC 50 of Ͻ1 g ml Ϫ1 (29) . On the basis of these IC 50 values, the dosing levels obtained in PK1A and PK1B have the potential to provide significant protection from a majority of viral strains. Combinations of complementary MAbs or of MAbs and small-molecule ARV agents may lead to a larger breadth of coverage and an increase in potency (28) . Because the release of an MAb or some other drug from each pod in the pod-IVR is independent, formulating combinations is a simple matter of combining multiple MAb-or ARV agent-containing pods in a single ring.
MAb manufacturing cost and scale. Two of the primary limiting factors in the successful implementation of PrEP in the developing world, where HIV infection rates remain the highest, are the manufacturing cost and the availability of production capacity. As a biologic, MAbs cost more to manufacture than small-molecule drugs, with FDA-licensed MAbs currently being among the most expensive drugs. Many factors contribute to the cost of a particular MAb (60), but the primary determinant of price appears to be market driven, and the U.S. and European therapeutic markets currently support a high cost for MAbs (61) . As the ability of MAb-based drugs to make significant contributions to global health and disease prevention increases, there is significant growing pressure to dramatically lower the costs of MAb-based products. The expense of antibody manufacturing in mammalian cells has decreased considerably over the last 3 decades, with a cost of Ͻ$300 per g being possible using existing and conventional unit operations for large-scale antibody manufacture and purification (62) . The sheer size of the unmet need for antibody-based products in global health, however, may be beyond the current worldwide manufacturing capability of animal cell-based production (63) . The manufacture of whole antibodies in Nicotiana benthamiana (64, 65) or a fungus (66) may meet the demands of large, cost-sensitive markets. A cost per dose (10 mg) of less than $1 has been estimated for very large scale MAb production in recombinant manufacturing platforms (62) .
Conclusion. The use of pod-IVRs for the topical administration of VRC01-N, a second-generation, Nicotiana-manufactured bNAb with a high neutralizing potency, showed that they exhibited sustained, controlled release over 21 days in rhesus macaques with no adverse safety indications. The high steady-state levels of VRC01-N observed in vaginal fluids suggest that these pod-IVRs may successfully prevent HIV-1 infection following vaginal exposure. Consequently, these devices merit further evaluation both in a preclinical macaque efficacy model and in a clinical setting. Intravaginal Rings Deliver Monoclonal Antibody VRC01-N Antimicrobial Agents and Chemotherapy was obtained from Evonik Industries AG (Essen, Germany). The polydimethylsiloxane resin (liquid silicone rubber) used for injection molding of macaque-sized ring scaffolds was MED-4940, obtained from Nusil, Inc. (Carpinteria, CA, USA). Dithiothreitol (DTT) and sodium dodecyl sulfate (SDS) were obtained from Thermo Fisher Scientific (Pittsburgh, PA, USA). All other chemicals and solvents were reagent grade or better and were used as received. Preparation of solid antibody formulation. A solution of excipients (trehalose, Tween 20, and histidine) and VRC01-N was prepared with 50% total solids, with VRC01-N being approximately 25% (wt/wt) of the solution. Spray-drying of this solution to obtain a solid containing VRC01-N, trehalose, Tween 20, and histidine was performed with a Buchi mini-spray dryer (model B190; Buchi, New Castle, DE) under controlled conditions of 28°C and Ͻ10% relative humidity. The liquid feed rate was 0.5 ml min Ϫ1 . The solution was atomized through the sonic nozzle at a 10-lb/in 2 atomization gas pressure. The outlet temperature was 60°C. After spray-drying, 1-g aliquots of VRC01-N powder were transferred to glass vials, and the vials were sealed in foil packets and stored at 4°C. The solid formulation was 51.3% VRC01-N.
MATERIALS AND METHODS

Materials
Manufacture of silicone pod-intravaginal rings. Intravaginal rings of the pod-IVR design containing VRC01 were prepared using methods previously reported (44) . The IVR dimensions were identical to those used in previous macaque studies (48, 49) . Cylindrical cores of ϳ25 mg VRC01-N spray-dried formulation (3.2 mm in diameter by ca. 2.5 mm in height) were formed using compaction on a manual pellet press and a 1,470-N force (model MTCM-I; GlobePharma, North Brunswick, NJ). The compressed VRC01-N cores were coated with two layers of PLA from a 5% PLA solution in 2:1 dichloromethane-ethyl acetate. Pods were dipped in the PLA solution for approximately 3 s, removed, placed on a Teflon plate, and allowed to dry for ϳ4 h, before a second PLA layer was applied using the same technique. The PLA-coated VRC01-N pods were embedded in silicone ring scaffolds as described previously (44) with one 1.0-mm-or 1.5-mm-diameter delivery channel per pod. Four different VRC01-N formulations were prepared by varying the number of pods, the delivery channel diameter, and the total VRC01-N mass per ring (see Fig. S1 and Table S1 in the supplemental material).
In vitro studies. The in vitro release of VRC01-N was carried out by placing individual pod-IVRs into glass vials containing 10 ml vaginal fluid simulant (VFS) maintained at 25 Ϯ 2°C on an incubating orbital shaker at 60 rpm. The VFS was adapted from that of Owen and Katz (67) and consisted of 25 mM acetate buffer (pH 4.2) with NaCl added to yield a 200-mosM solution. Aliquots of the release medium were removed at specified time intervals and analyzed by UV absorption spectroscopy at 280 nm (OD 280 ) using a SpectraMax Plus384 96-well plate reader (Molecular Devices, Sunnyvale, CA, USA). The concentration of VRC01-N in the release solution was calculated using the Beer-Lambert law and the absorption coefficient for VRC01-N at 280 nm (1.565 mg Ϫ1 · cm Ϫ1 · ml). Daily release rates were calculated as the slope of the linear portion of the release curve determined by linear regression using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA).
Nonhuman primate studies. Pharmacokinetic (PK) and safety evaluations were carried out at the Yerkes National Primate Research Center (YNPRC). Adult female rhesus macaques (Macaca mulatta) of Indian origin were used for all studies. The animals were born and housed at the YNPRC of Emory University (Atlanta, GA) and were maintained according to the guidelines in the Guide for the Care and Use of Laboratory Animals (68) Two separate studies were conducted: a 28-day dose-ranging PK study with the three first-generation IVR formulations (the PK1 study) and a two-phase (7-day and 28-day) study with a second-generation pod-IVR formulation delivering VRC01-N employing more intensive PK sampling and multiple safety measures (the PK2 study). The study timelines and biological sample collection points are shown in Fig. 2 . For both studies, IVRs were inserted into the posterior vagina on day 0 (and on day 14 for PK2 phase B) following baseline sample collection. Vaginal colposcopy was used to confirm the placement and retention of the IVRs and to examine the integrity of the cervicovaginal epithelium. The animals were placed in ventral recumbency while under general anesthesia. A pediatric speculum was used to open the vaginal vault, and a Zeiss colposcope was used to visualize and photograph the IVR placement (Fig. S1 ).
For PK1, animals in three dosage groups (low, medium, high) with five macaques per group each received a pod-IVR delivering VRC01-N at the doses shown in Table S1 . Samples of vaginal fluid, cervicovaginal lavage (CVL) fluid, and blood serum were collected as shown in Fig. 2a over 28 days of pod-IVR insertion. Pod-IVRs were removed on day 28, and a final set of vaginal fluid samples was collected on day 31 to observe VRC01-N washout following IVR removal. For PK2, the study was divided into phases: phase A (IVR 1, 7 days), washout (no IVR, 7 days), and phase B (IVR 2, 28 days plus 3 days after IVR removal). On day 0, four macaques each received a pod-IVR releasing 3.0 mg day Ϫ1 in vitro ( Table 1) . Sampling of vaginal fluid, CVL fluid, and blood serum was carried out as described in Fig. 2b . The IVRs were removed on day 7, and additional vaginal fluid samples were collected to observe VRC01-N washout over a 7-day period with no IVR in place. A second set of baseline vaginal fluid, CVL fluid, and serum samples was collected on day 14 prior to insertion of a pod-IVR identical to that used in phase A. The second IVR remained in place for 28 days (phase B).
Vaginal fluid samples were collected at locations proximal (ectocervix) and distal (introitus) to the ring placement using Tear-Flo strips (Beaver-Visitec International, Waltham, MA, USA). The strips were weighed prior to use, placed against the vaginal wall either proximally or distally to the IVR for 1 min each, and weighed again to determine the fluid volume collected. The strips were placed in microcentrifuge tubes, and 108 l 1ϫ PBS was added. Strips in PBS buffer were stored at Ϫ80°C until analysis by ELISA. For CVL fluid collection, 1ϫ PBS (1 ml) was gently infused into the vaginal vault via a sterile transfer pipette (catalog number Samco 336-1S; Thermo Fisher Scientific). The CVL fluid was collected after 10 aspirations and reinfusions to ensure mixing of the saline with the cervicovaginal fluids. The CVL fluid was observed for the presence of blood or any other discoloration, the amount of mucus was scored, and the volume of fluid collected was noted. The levels of VRC01-N in vaginal fluids, CVL fluid, and serum were measured by ELISA using the method described below. Vaginal pH was measured using MColor pHast test strips (pH 0 to 6.0 and 5 to 10.0; EMD Millipore, Billerica, MA). Samples for Nugent score analysis were collected by use of a BactiSwab (Thermo Fisher-Remel Products, Lenexa, KS, USA) following the manufacturer's protocol.
The VRC01-N remaining in the IVRs following removal was recovered by cutting open the surrounding silicone with a scalpel to expose the remaining pod contents and dissolving the residue in 1.0 ml of 1ϫ PBS ELISA buffer. Extracts were analyzed by determination of the absorbance at 280 nm (OD 280 ) to quantify the total protein content, ELISA measurement of VRC01-N binding to gp120 to quantify the residual active MAb, and SDS-PAGE for qualitative assessment of VRC01-N stability.
Cytokine measurement and histopathology. Induction of mucosal inflammation was monitored by measuring the vaginal cytokine levels in CVL fluid samples as previously described (49, 69) using fluorescent multiplexed bead-based assays (Milliplex PRCYTMAG40K-PX25; EMD Millipore) in accordance with the manufacturer's instructions. The following cytokines were quantified: soluble CD40L, IL-1␤, IL-1ra, IL-6, IL-8, IL-12/23, IL-17A, IL-18, monocyte chemotactic protein 1, transforming growth factor ␣, granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage inflammatory protein 1␣ (MIP-1␣), MIP-1␤, and gamma interferon. The lowest concentration of the standard curve was defined as the LLOQ, and LLOQs ranged from 0.68 pg ml Ϫ1 (GM-CSF) to 6.08 pg ml Ϫ1 (MIP-1␣).
ELISA measurements. Quantification of VRC01-N exhibiting gp120 binding activity was performed by enzyme-linked immunosorbent assay (ELISA). The HIV-1 gp120 protein coating antigen (catalog number 11233-V08H) was obtained from Sino Biological (Beijing, China), and goat anti-human kappahorseradish peroxidase (detection antibody; catalog no. 2060-05) was obtained from SouthernBiotech (Birmingham, AL, USA). Bovine serum albumin (BSA) was obtained from Sigma (St. Louis, MO, USA). SureBlue tetramethylbenzidine (TMB) peroxidase substrate was obtained from KPL, Inc. (Gaithersburg, MD, USA). ELISA plates were prepared by sequential incubation in 96-well plates with 100 l per well of coating antigen (1 ng l Ϫ1 in 1ϫ PBS), 200 l per well of blocking buffer (2% BSA in 1ϫ PBS), 100 l of standard or sample, and finally, 100 l of detection antibody diluted 1:5,000 in wash buffer. All blocking and incubation steps were at room temperature for 1 h with gentle agitation of the plate. The plates were washed 3 to 4 times with wash buffer between each incubation step. The plates were developed by adding 100 l TMB substrate solution to each well, followed by 50 l 4 N H 2 SO 4 , once color development was observed in the low-concentration standards. The absorption at 450 nm (OD 450 ) was measured using a SpectraMax Plus 384 microplate reader. For each ELISA experiment, a single plate was used for all VRC01-N standards and samples, and all measurements were in triplicate. Standards at eight concentrations ranging from 1.5 to 1,000 ng/ml (as determined by measurement of the OD 280 ) were prepared from spray-dried VRC01-N stored continuously at Ϫ80°C. The values for samples with concentrations below 1.5 ng ml Ϫ1 were considered to be below the LLOQ. Samples were diluted as necessary to remain within the range of the VRC01-N standards.
SDS-PAGE analysis. Aliquots of the residual pod material extracted from used IVRs and dissolved in 1ϫ PBS were analyzed by electrophoresis (SDS-PAGE). Reduced samples were denatured by heating at 75°C for 10 min with 7 to 13% (wt/vol) lithium dodecyl sulfate (4ϫ NuPage loading buffer; Thermo Fisher Scientific) and 1.0 mM DTT. Samples were diluted with PBS to obtain 100 g total protein per sample, as determined by measurement of the OD 280 . Electrophoresis was carried out using a NuPage Novex 4 to 12% bis-Tris polyacrylamide gel (Thermo Fisher Scientific) with a sample volume corresponding to 20.0 g of protein/well. Protein bands were visualized with Coomassie blue dye (Simply Blue SafeStain; Thermo Fisher Scientific) according to the manufacturer's instructions. Gel images were obtained using a Bio-Rad Gel Doc EZ imaging system. Statistical analysis. Data were analyzed using GraphPad Prism software (version 6.02; GraphPad Software, Inc., La Jolla, CA). The vaginal fluid and CVL fluid concentrations of VRC01-N and cytokines below the limit of detection of the assay were assigned concentrations of 0.001 ng ml Ϫ1 to allow plotting on a log scale. The cytokine levels measured after insertion of the IVR and after IVR removal were compared to the baseline levels and to each other in a one-way analysis of variance (ANOVA). Cytokine values were log transformed to normalize the data. A Bonferroni correction was used to avoid inference errors due to multiple comparisons. Statistical significance was defined as a P value of Ͻ0.05.
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